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Abstract 
Pristine Zn and Zn-TiO2 coatings were galvanostatically electrodeposited on steel 
substrates from additive-free chloride-based plating baths under silent and ultrasonic 
conditions. An ultrasonic bath-setup (38 kHz) was used as a sonoelectrochemical system. 
The influence of ultrasonic irradiation on the layer properties was investigated using 
different combinations of ultrasonic power and current density. In general, the use of 
ultrasonic irradiation for assisting the electrodeposition of pristine Zn and Zn-TiO2 layers 
does have impact on the morphological and structural properties of the electrodeposits. 
The use of ultrasonic irradiation for dispersing particles during the electro-codeposition 
process was shown to be beneficial provided the use of suitable ultrasonic and deposition 
parameters. The incorporation of particles into the metallic matrix was confirmed with 
glow discharge optical emission spectroscopy investigations and focused-ion-beam-
assisted cross-sectional analysis. The presence of TiO2 agglomerates having smaller sizes 
as well as a better distribution in the metallic matrix was observed for the combination of 
ultrasonic agitation and high-speed electrodeposition. Pyramidal textures corresponding to 
the (101), (102), (103) and (112) planes were found characteristic for Zn layers having 
incorporated TiO2 particles. One aspect of using ultrasonic agitation during electroplating 
is that Zn layers might also be prone to cavitation/erosion phenomena. Nevertheless, this 
effect can be controlled by adjusting the ultrasonic power as well as the ultrasonic 
irradiation time. 
Keywords: ultrasound assisted electrodeposition; metal matrix composite coatings; particle 
incorporation; Zn-TiO2; GD-OES 
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1. Introduction 
The development of functional coatings has promoted an extensive research of novel 
materials with potential applications for several high-tech areas. In this sense, metal 
matrix composites (MMC) can conveniently be produced via the electro-codeposition 
method [1]. The incorporation of a dispersed second phase material (e.g. micro/nano-
particles) into the metal matrix during the electrodeposition process makes it possible to 
tune the properties of the MMC layers for a variety of applications. Since the industry of 
protective coatings demands environmentally friendly alternative materials, Zn-TiO2 
dispersion layers can be promising materials with enhanced properties such as hardness, 
wear and corrosion resistance. Furthermore, Zn-TiO2 layers also acquire potential 
functionality as materials for water remediation technologies due to the photocatalytic 
properties of TiO2 [2–4]. 
Generally, the successful achievement of composite layer properties is directly related to 
the amount of incorporated particles, their uniform distribution within the metal matrix as 
well as the resulting microstructure of the metal. According to the literature, the amount of 
incorporated metal oxide particles in Zn electrodeposits has generally been quite low. 
Some reported values for particle incorporation using diverse electrodeposition techniques 
can be mentioned as examples: TiO2 up to 0.4 wt% by Alberts et al.[5], TiO2 up to 
0.42 wt.% by Frade et al.[6], ZrO2 up to 0.4 wt.% by Vathsala et al.[7], SiO2 up to 
0.7 wt.% by Khan et al.[8] and SiO2 up to 0.37 wt.% by Aslanidis et al.[9]. This 
demonstrates that the electro-co-deposition of metal oxides with Zn is challenging. In 
regard to this point, one obstacle for the incorporation of metal oxide particles via electro-
codeposition processes is the low dispersion stability of metal oxide particles in plating 
baths due to the high ionic strength of such media [10,11]. Consequently, the 
agglomeration of particles in such media is difficult to avoid. Nevertheless, particle 
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agglomeration can be minimized and/or controlled by different dispersion methodologies 
(e.g. magnetic and mechanical stirring, wet ball milling, etc.) prior and/or during 
electrodeposition. In this regard, the use of ultrasonic irradiation can be a beneficial tool 
during the electro-codeposition process since ultrasound can promote the deagglomeration 
of particles and, consequently, the enhancement of the particle incorporation as well as 
their dispersion into the metal matrix. 
The use of ultrasound in electrochemistry has been already reported for various 
applications such as environmental remediation, electro-organic synthesis, electroanalysis, 
production of nanomaterials as well as electrodeposition of metals and composites [12–
14]. When ultrasound is introduced into an electrolyte, acoustic cavitation occurs. The 
resulting effects of ultrasound are different phenomena such as acoustic streaming, 
turbulent movement due to cavitation, micro-jetting and generation of shock waves [15]. 
These effects can promote favorable phenomena at the electrode/electrolyte interface such 
as the reduction of the diffusion layer thickness, the promotion of mass transport from/to 
the electrode and cleaning of the electrode surface [13,15,16]. Consequently, advantages 
such as increased deposition rates, reduced porosity and grain refinement have been 
reported for ultrasound-assisted electroplating [13,17]. Some works on ultrasound assisted 
electrodeposition of coatings have reported the improvement of structural and mechanical 
layer properties as well [14,18,19]. 
This work presents a comparative study of the influence of ultrasound on the 
electrodeposition of pristine Zn as well as Zn-TiO2 composite layers from additive-free 
chloride-based electrolytes. An ultrasonic bath (US-bath) was used as a 
sonoelectrochemical system to study the use of 38 kHz ultrasonic frequency in 
combination with different ultrasonic power densities during electrodeposition. The 
particle co-deposition as well as the morphological, structural and mechanical properties 
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of the layers were investigated and correlated with the ultrasonic as well as the 
electroplating parameters. 
2. Experimental part 
2.1 Ultrasound-assisted electrodeposition  
Table 1 describes the chemical composition of the plating bath as well as the 
electrodeposition parameters. The electroplating bath was prepared using reagent grade 
chemicals and deionized water. TiO2 nano-particles (TiO2 P25, average primary size 21 
nm, Evonik GmbH) were used as received. 
The ultrasonic irradiation was provided by an ultrasonic bath (frequency: 38 kHz, 
maximum nominal power: 200 W, Ultrawave QS12). Figure 1 shows the schematic 
representation of the US-bath setup used in this investigation. It consisted of a plating cell 
with a rotating disk electrode (RDE) immersed in the ultrasonic bath. A cylindrical glass 
vessel containing 580 mL of electrolyte was used as a cell. The cathode and anode were 
positioned as shown in Figure 1, the distance between electrodes was 2.0 cm. The use of 
the RDE together with the US-bath was necessary because of two reasons. First, the 
agitation provided by the US-bath on its own was not enough to accomplish the deposition 
of homogeneous Zn layers. It is important to remark that acidic chloride-based zinc 
electrolytes are characterized by high exchange currents. Consequently either dendritic or 
powdery deposits are expected if plating additives and/or suitable hydrodynamic control 
are not in use [20]. On the other hand, the use of US-bath agitation on its own did not 
avoid the partial sedimentation of particles during deposition. Therefore, a RDE was 
introduced to the system in order to assist a uniform dispersion of particles as well as to 
establish well-defined hydrodynamic conditions. The rotation speed was kept constant to 
600 rpm for all experiments.  
6 
 
Prior to electrodeposition the steel substrates were degreased with acetone, rinsed in 
distilled water, pickled in HCl (1:1 v/v) solution for 15 seconds and finally rinsed again in 
distilled water. Pristine Zn and Zn-TiO2 layers were electrodeposited galvanostatically at 
2, 4, 6, 10 and 20 A/dm
2
. Different combinations of ultrasonic power densities and 
deposition current densities were studied. Furthermore, control tests under silent 
conditions were performed. A cooling system was necessary to keep the temperature 
during deposition constant. It consisted of a coiled copper tube connected to a Julabo-
FL300 recirculating cooling system. The temperature was kept at 21 ± 1°C during the 
electrodeposition experiments. After electrodeposition, the samples and ultrasonically 
cleaned in distilled water for 2 min (38 kHz, maximum power) in order to clean any non-
incorporated TiO2 particles attached to the surface of the deposit. 
The ultrasonic power delivered to the electrochemical system was determined by 
calorimetry (for this purpose the cooling of the system was turned off). The temperature 
(T) of the electrochemical cell containing 580 mL of deionized water was recorded against 
the time (t) every 15 s after the initiation of sonication. A thermocouple with the sensor 
located in the central part of the cell was used. The total time for data recording was 2 
minutes. From the T versus t data, dT/dt can be estimated by constructing a tangent to the 
curve at t=0. The initial temperature rise induced by ultrasound can be converted into 
energy input; in this way, the ultrasonic power (in W) is calculated from Eq.(1) [21]. 
              ⁄    (1) 
Where m is the mass of water in the cell (kg), Cp is the specific heat of water (Jkg
-1
K
-1
) at 
constant pressure and dT/dt (Ks
-1
) is the slope of the temperature curve at t=0. 
2.2 Characterization of the layers 
The surface morphology of the deposits was studied using a Hitachi S4800 scanning 
electron microscope (SEM). The SEM observations were performed at the central area of 
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the samples. The topography and roughness of the layers were examined using a laser 
profilometer (UBM, type UBC 14, UBM Messtechnik GmbH). Depth profile analyses 
were performed by glow-discharge optical emission spectroscopy (GD-OES) at the 
central part of samples in order to study particle incorporation. For this purpose, a GDA 
750 spectrometer (Spectruma Analytic GmbH) equipped with a DC source (1000 V, 13 
mA) was used. The inner diameter of the anode (exposed sample) was 4 mm. 
Furthermore, the coating thickness and the elemental composition of the layers were 
studied by X-ray fluorescence (XRF) (FISCHERSCOPE
®
X-rayXDV
®
-SDD). Cross-
sectional studies of the layers were conducted using a Carl Zeiss AURIGA 60 Cross 
Beam Workstation (FIB). 
Microstructural investigations were performed using X-ray diffraction (XRD). An X-ray 
diffractometer Bruker AXS D 5000 operating with Cu-Kα radiation and Bragg Brentano 
geometry was used. The diffraction patterns were recorded with a step size of 0.02° for 
2 ranging from 20° to 100° and a measuring time of 1.4 s per step. The sample area of 
analysis was approx. 1 cm
2
. In order to describe the structure and to quantitatively 
estimate the preferred orientation of the Zn deposits, the relative texture coefficient 
          was calculated from Eq. (2) [22,23]: 
          
         ⁄
∑     
 
      ⁄
                 (2) 
In Eq. (2)      corresponds to the diffraction intensities of the       lines measured in the 
diffraction pattern of the deposit and       are the corresponding intensities of a standard 
Zn powder sample with random orientation [24]. The summation in the denominator is 
taken for the first eight diffraction peaks ((002), (100), (101), (102), (103), (110), (004) 
and (112)) that are visible in the XRD pattern. A plane having a RTC value higher than 
12.5 % (100/8 %) was considered as preferred. 
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Universal hardness measurements were performed in the cross-section of the layers using 
a HM500 Fischer picoindentor. To measure the hardness in the layer’s cross-section, the 
deposits were plated using twice the usual deposition time. A 25 mN load was applied 
during 30 s for each measurement. Ten indentations per sample were carried out. The 
conversion from Universal hardness units into Vickers hardness units was performed 
based on the DIN EN ISO 14577-1 norm, attachment F. The sample preparation included 
the embedding of the layers in epoxy resin followed by a step-by-step grinding with SiC 
paper. The final polishing was performed using 0.05 µm Al2O3 ethanolic suspension. 
Afterwards, the samples were ultrasonically cleaned in isopropanol media and dried. 
3. Results and discussion 
3.1 Ultrasonic power measurement  
The ultrasonic power applied to the electrochemical system (US-bath setup) was 
determined by calorimetric methodology (Eq.(1)) [21]. The calorimetric determined 
ultrasonic power can be divided by the total amount of electrolyte (580 mL) to obtain the 
ultrasonic power density. Table 2 shows the ultrasonic power input values given as 
ultrasonic power density (in W/cm
3
). 
3.2 Effect of ultrasound on the surface morphology  
Pristine Zn layers: 
As a first approach, the influence of sonication during the electrodeposition of pristine Zn 
was investigated. In general, it is known that Zn layers deposited from additive-free 
chloride-based plating baths under silent conditions produce coarse-grained deposits 
having irregular morphology particularly at low current densities [20,25].  
Figure 2 depicts the effect of 38 kHz ultrasonic irradiation on the morphology of Zn 
deposits plated at low current density (2 A/dm
2
). It can be seen that the ultrasonic 
irradiation provided by the US-bath promoted a leveling effect during Zn 
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electrodeposition. The surface of the deposit plated under 53 mW/cm
3
 power density 
(Figure 2c) ultrasound irradiation exhibited a smoother morphology (Ra ≈ 1.5 m) 
compared to the deposits obtained under 28 mW/cm
3 
power density (Figure 2b) and 
silent conditions (Figure 2a) (Ra ≈ 2.5 m in both cases). At deposition rates higher than 
2 A/dm
2
 the leveling effect of ultrasound progressively diminished since the total amount 
of ultrasonic energy provided to the cell as well as the number of cavitation events 
decreased. Consequently, at 20 A/dm
2
 the influence of ultrasound irradiation on the 
deposit’s roughness was negligible. 
Zn-TiO2 composite layers: 
Zn-TiO2 composite layers with significant differences in their structural and 
morphological characteristics were obtained by varying both the ultrasonic power density 
and the deposition current density. It was found that surface erosion took place when 
current densities lower than 20 A/dm
2
 were applied. On the other hand, the particular use 
of 6 A/dm
2
 in combination with 53 mW/cm
3
 resulted in the patterning of the layer 
surface. As displayed in Figure 3a, this layer exhibited a patterned morphology 
consisting of nodular structures uniformly distributed over the whole surface. These 
morphological characteristics were not observed at all in similar ultrasound-assisted 
experiments for pristine Zn. Likewise, the patterning of the layer was not observed for 
Zn-TiO2 deposits plated under silent conditions. Therefore, these observations suggests 
that the presence of particles in the electrolyte in combination with the ultrasonic 
irradiation led to the obtention of a more heterogeneous surface finishing consisting in 
nodular structures. This effect might be attributed to the collapse of cavitation bubbles 
and the subsequent formation of strong microjets of electrolyte containing particles. 
Besides the fact that particles can participate in the co-deposition process, they might also 
violently hit the growing Zn layer. Consequently, the use of ultrasonic irradiation can 
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lead to the development of heterogeneous Zn-TiO2 layers especially when low current 
densities (which results on long irradiation times) are applied. Only the use of the highest 
deposition rate of 20 A/dm
2
 (which implies a short irradiation time) in combination with 
53 mW/cm
3
 led to a homogeneous composite layer with a smooth surface finish (Figure 
3b). In this case, the quick growth of the layer hindered the effect explained previously. 
Figure 4 shows the SEM micrographs of the Zn-TiO2 layers deposited using high speed 
deposition at 20 A/dm
2 
(shortest irradiation time) under silent conditions (Figure 4a) as 
well as under 28 mW/cm
3
 (Figure 4b) and 53 mW/cm
3 
(Figure 4c) ultrasonic power 
densities. It can be seen that all layers exhibited similar morphologies. However, whereas 
deposition under silent conditions yielded a porous layer, ultrasound assisted deposition 
promoted layers with higher compactness. This can be ascribed to the effect of the 
ultrasound assisting the removal of H2 that might be produced at the cathode during the 
electrodeposition, especially at such fast deposition rate. Furthermore, ultrasound assists 
in controlling/improving the dispersion stability of TiO2 in the media and, consequently, 
can contribute to the development of layers with enhanced compactness. Although, 
changes in the microstructure of the layers might also contribute to the enhancement of 
compactness in this specific case, microstructural changes due to ultrasound were not 
observed. This observation is discussed in Section 3.4 of this paper in more detail. 
3.3 Effect of ultrasound on TiO2 particle incorporation 
The effect of ultrasound on the co-deposition of TiO2 with Zn was studied on layers 
plated with different combinations of electrochemical and ultrasonic parameters. 
Provided the sample exhibited a relatively homogeneous and even surface, the amount of 
incorporated TiO2 was studied by GD-OES. For the other cases (layers with high levels 
of roughness or uneven surfaces) XRF methodology was used. In contrast to GD-OES 
(which provides a depth profile analysis), XRF provides only an averaged value of the 
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particle content in the layer. 
Figure 5 shows the depth profile analyses of Zn-TiO2 layers plated at 20 A/dm
2
 under 
both silent and ultrasonic irradiation conditions. The concentration of TiO2, Zn and Fe is 
plotted against the thickness of the layers. The concentration of TiO2 was calculated 
stoichiometrically based on the Ti concentration. Under silent conditions, the 
incorporation of TiO2 across the whole thickness of Zn the layer can be observed. The 
particle concentration was higher both at the Zn/substrate interface and at the Zn surface 
in comparison to the bulk zone of the layer. Under 28 mW/cm
3
 ultrasonic power density, 
the concentration of TiO2 became more homogeneous across the layer thickness despite 
that the overall amount of TiO2 seemed to be slightly lower than that of the deposits 
produced under silent conditions. On the other hand, the use of 53 mW/cm
3
 ultrasonic 
power density led to an enhancement of particle incorporation as well as a uniform TiO2 
content across the thickness of the layer. It is noteworthy mentioning that the layers 
plated in the presence of ultrasound did not exhibit a high concentration of TiO2 at the 
deposit´s plain surface. Therefore, the presence of a relative high TiO2 amount at the 
layer surface deposited under silent conditions is only due to adsorption (and not 
embedding) of TiO2 particles [10,26]. 
Under silent conditions, a decrease in co-deposition was observed as the deposition time 
gets longer. This can be ascribed to the variation of TiO2 agglomerate sizes with the 
deposition time. At early stages of deposition, the particles are fresh dispersed and, 
therefore, a higher co-deposition of particles might take place. As the deposition time 
went on the particles tended to agglomerate and, consequently, the amount of well-
dispersed ‘effective’ particles for co-deposition decreased [27]. 
Figure 6 shows the average particle incorporation for layers obtained at different current 
densities. Due to the heterogeneous surface morphologies of the layers plated under 
12 
 
ultrasonic irradiation at deposition rates lower than 20 A/dm
2
, the particle content in 
those cases was determined by XRF methodology. In the other cases (layers plated at 20 
A/dm
2
) GD-OES analysis was possible and the TiO2 average content was calculated from 
the depth profile zone situated between 2 µm and 7 µm of the coating thickness. The co-
deposition of TiO2 was possible in the whole current density range of study. At 20 A/dm
2
, 
the particle incorporation was enhanced by 35% due to the use of ultrasound-assisted 
plating. On the other hand, XRF studies confirmed co-deposition of TiO2 in the layers 
deposited under ultrasonic irradiation at current densities lower than 20 A/dm
2
 but, due to 
the higher uncertainty of XRF, it was not possible to confirm any ultrasound related 
enhancement of particle incorporation. 
FIB assisted cross sectional SEM micrographs from layers electroplated at 20 A/dm
2
 
under silent as well as under 53 mW/cm
3
 ultrasonic power density are displayed in 
Figure 7. It has been reported that materials having hexagonal crystallographic structure 
such as Zn are prone to develop artifacts such as ‘curtain effects’ and material re-
deposition (formation of protuberances at some zones of the material) during ion-beam 
milling [28,29]. In this case, despite the use of protective Pt layers (to minimize any 
damage to the layer during the ion-beam milling process), it was not possible to avoid at 
all those artifacts. Nevertheless, the presence of TiO2 particles (detected as ‘dark spots’ 
with EsB and EDX detectors on FIB analysis area) could be distinguished from the Zn 
metal matrix. In the case of silent electrodeposition (Figure 7a), the incorporation of 
TiO2 can be observed as a relatively small number of particle agglomerates poorly 
distributed within the Zn matrix. Whereas, the layer deposited under ultrasonic conditions 
(Figure 7b) contained quite well-distributed particle agglomerates. This confirms that the 
use of ultrasound promoted the uniform distribution of particles during the co-deposition 
process. It is noteworthy to mention that the size of the incorporated TiO2 agglomerates 
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was generally not bigger than approx. 200 nm in both layers. However, when ultrasonic 
agitation was used, a more consistent presence of smaller agglomerates could be seen. 
Similar results for other different electrodeposited composite layers were also reported in 
the literature [12,17,19].  
3.4 Effect of ultrasound on the microstructure and texture 
The influence of the ultrasound irradiation as well as the incorporation of TiO2 particles 
on the developed structure of Zn was investigated by XRD methodology. The diffraction 
peaks from the XRD patterns (not shown) of the layers correspond to the hexagonal 
structure of Zn. The findings from XRD characterization of the deposits are discussed in 
terms of the relative texture coefficients (RTCs). The first eight diffraction peaks 
corresponding to: i) the basal planes: (002) and (004), ii) the prism planes: (100) and 
(110) and, iii) the pyramidal planes: (101), (102), (103) and (112) were considered for the 
RTC calculation. 
Figure 8a displays the RTC values of the pristine Zn layers produced at 2 A/dm
2
 under 
silent conditions and ultrasonic irradiation. The horizontal red dashed line indicates the 
minimum RTC value (12.5%) that any RTC must exceed in order to be considered as 
preferred. One can see that under silent conditions the pyramidal (110) and (112) textures 
are preferred. These observations are in agreement with studies on Zn layers from 
additive-free chloride electrolytes carried out by Mouanga et al. [30]. It can be seen as 
well that most of the ‘non-preferred’ RTCs actually presented a considerable contribution 
to the layer texture. Therefore, this layer can be roughly considered as randomly oriented. 
When 28 mW/cm
3
 ultrasonic power density was employed, the layer developed a 
stronger (112) pyramidal texture. Under 53 mW/cm
3
, the RTC value of the basal plane 
(002) increased considerably and became preferred together with the pyramidal (103) 
texture. Those changes can firstly be ascribed to changes in the electrocrystallization 
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process of Zn influenced by ultrasound. However, the deformation of the Zn surface due 
to cavitation and erosion phenomena might also contribute to those microstructural 
changes [31,32]. 
Figure 8b shows that no significant changes in the layers’ texture were found for the 
pristine layers plated at the lowest irradiation time (20 A/dm
2
). Due to the high deposition 
rate, the total energy supplied by ultrasound was not enough to produce significant 
variations in the texture. By comparing Figure 8b and Figure 8c, it can be seen the effect 
of particles on the resulting texture of Zn-TiO2 layers in the presence and the absence of 
ultrasonic agitation at 20 A/dm
2
. All composite layers show as common feature the 
diminishment of RTC value of basal plane (002) as well as the increase of the pyramidal 
(102) and (103) textures. Those changes in structure can be ascribed to the incorporation 
of particles into the Zn layer, the presence of particles in the plating bath or, most likely, 
to the combination of both. Either way, it is clear that the presence of particles in the 
process promotes changes in the texture. The predominant textures found in the 
composite layers were the (102) and (103). This suggests that the particle incorporation is 
likely to occur when Zn crystallite growth involves pyramidal textures. Furthermore, 
similarly to the case of pristine Zn layers, the use of ultrasound at such high deposition 
rates did not cause any significant change in the microstructure of the composite layers. 
In general, the results suggest that the growth of Zn in a direction to pyramidal planes can 
be correlated to the probability that a particle remains on the electrode during the metal 
electrodeposition and, therefore, with particle incorporation. Similar results were found in 
previous work for Zn-TiO2 layers deposited under silent conditions from additive-free 
chloride- and sulfate-based plating baths at pH 5.3 [10] as well as for Zn-TiO2 composite 
layers prepared from sulfate-based baths at pH 4 using pulse plating deposition [33]. 
Figure 9 shows a schematic representation of different developed textures for Zn during 
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deposition. It can be seen that pyramidal textures can promote a growing of less ordered 
Zn platelets, those imperfections might increase the probability that particles remain on 
the electrode and become embedded during metal deposition. 
3.5 Effect of ultrasound on the hardness of deposits  
The influence of ultrasonic irradiation on the hardness of pristine as well as composite 
layers plated under different deposition conditions was investigated.  
Figure 10 shows the hardness of deposits obtained under silent conditions as well as 
under 38 kHz ultrasonic irradiation. In general, it can be seen that the hardness of all 
pristine Zn layers fluctuated between 34 and 44 HV. No significant changes were found 
between silent and ultrasonic conditions, as the standard deviations for these 
measurements were not negligible. On the other hand, the composite Zn-TiO2 layers 
plated at 20 A/dm
2
 under 28 and 53 mW/cm
3
 ultrasonic power densities exhibited an 
enhancement of hardness (up to 56 HV in both cases) in comparison to the layer plated 
at silent conditions. This increase in hardness can be ascribed to the higher compactness 
(Figure 4) as well as the higher amount and the better distribution of incorporated TiO2 
observed in these deposits (Figure 5). In this specific case, the influence of the matrix 
microstructure on the coating’s hardness could be neglected since all deposits obtained at 
20 A/dm
2
 exhibited a very similar texture (Figure 8c). 
4. Conclusions/summary 
The influence of 38 kHz ultrasonic irradiation (US-bath setup) on the electrodeposition of 
Zn and Zn-TiO2 composite layers has been studied using additive-free chloride-based 
electrolytes. It was shown that ultrasonic irradiation can significantly change the 
morphological and structural properties of Zn and Zn-TiO2 electrodeposits. By combining 
ultrasonic irradiation and high-speed deposition, compact and homogeneous Zn-TiO2 
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layers with enhanced particle incorporation, better particle distribution in the matrix as 
well as improved hardness were obtained. Pyramidal textures were found to be 
characteristic for the Zn layers having incorporated TiO2 particles. These observations 
suggests that the particle agglomerates, in sub-micro scale range according to FIB-
assisted cross sectional observations,  might get more easily stacked in between Zn 
platelets having pyramidal textures during electrodeposition.  
 Furthermore, the preparation of surface patterned Zn-TiO2 layers (with higher surface 
area) was possible using a specific combination of ultrasonic and electrodeposition 
parameters. Another important aspect to consider is that Zn layers might be prone to 
surface erosion due to ultrasonic cavitation phenomena. The use of long irradiation times 
(which implies the use of low current densities) as well as the presence of particles in the 
plating bath might enhance surface erosion of the layers. 
Generally, it was demonstrated that ultrasonic agitation does have an impact on the 
electrodeposition of Zn and Zn-TiO2. Therefore, it can be a beneficial tool for tuning Zn 
electrodeposits properties depending on its potential application/functionality. The 
fundamental understanding of the processes involved must be improved by further 
research before an exploitation in technical processes becomes possible. 
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Figure Captions 
 
Figure 1 Schematic representation of the ultrasonic-bath (US-bath) setup for ultrasound-
assisted electrodeposition experiments. 
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Figure 2 Influence of 38 kHz ultrasonic irradiation (US-bath setup) on the surface 
morphology of Zn electrodeposits plated at 2 A/dm
2
: a) silent conditions b) under 28 mW/cm
3
 
and c) under 53 mW/cm
3
 ultrasonic power density. 
  
23 
 
 
 
 
Figure 3 Surface morphology (up) and surface topography (down) of Zn-TiO2 layers plated 
under 53 mW/cm
3
 ultrasonic power density (US-bath setup) at: a) 6 A/dm
2
 and b) 20 A/dm
2
.  
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Figure 4 Influence of 38 kHz ultrasonic irradiation (US-bath setup) on the surface morphology of 
Zn-TiO2 electrodeposits plated at 20 A/dm
2
: a) silent conditions, b) under 28 mW/cm
3
 and c) 
under 53 mW/cm
3
 ultrasonic power density. 
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Figure 5 Depth profile analysis by GD-OES of Zn-TiO2 layers plated at 20 A/dm
2
 under 
silent conditions as well as under 28 mW/cm
3
 and 53 mW ultrasonic power densities (US-
bath setup).TiO2 concentration in the plating bath: 15 g/L.  
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Figure 6 TiO2 content (wt.%) in Zn-TiO2 layers plated at different current densities under 
silent as well as under 53 mW/cm
3
 ultrasonic power density (US-bath setup). 
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Figure 7 FIB-assisted cross sectional view of Zn-TiO2 layers plated at 20 A/dm
2
 under: a) 
silent conditions and b) 53 mW/cm
3
 ultrasonic power density (US-bath setup). 
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Figure 8 Influence of 38 kHz ultrasonic irradiation on the texture of electroplated Zn 
deposits: a) pristine Zn plated at 2 A/dm
2
, b) pristine Zn plated at 20 A/dm
2
 and c) Zn-TiO2 
plated at 20 A/dm
2
. In all cases, the particle load was 15 g/L. 
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Figure 9 Schematic representation of the development of different textures during Zn 
electrodeposition  
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Figure 10 Influence of 38 kHz ultrasonic irradiation on the hardness of Zn and Zn-TiO2 
deposits plated at different current densities. 
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Tables 
Table 1 Plating bath composition and electrodeposition parameters 
a) Plating bath composition 
0.46 M ZnCl2  (62.7 g/L) 
2.75 M KCl (204.8 g/L) 
0.40 M H3BO3 (25 g/L) 
TiO2 P25 powder (15 g/L) 
b) Electrodeposition parameters 
pH 
Temperature  
Substrate  
Rotation rate (RDE) 
Anode 
Current density 
Charge density 
5.3 
room temperature  
low carbon steel disk (2.54 cm
2
) 
600 rpm 
Zn plate (99.95% purity) 
2, 4, 6, 10 and 20 A/dm
2 
36 C/cm
2
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Table 2 Determination of the ultrasonic power input by calorimetry 
Setting 
Ultrasonic power 
input as: 
US-bath (38 kHz)-
ultrasonic nominal power 
Power density 
(mW/cm
3
) 
70% 28 
100% 53 
 
